Abstract. Production of containerized nursery crops requires high inputs of water and mineral nutrients to maximize plant growth to produce a salable plant quickly. However, input efficiencies remain below 50% resulting in major quantities of water and nutrients leached. This study was conducted to determine if production factors could be altered to increase water and phosphorus uptake efficiency (PUE) without sacrificing plant growth. The effects of a pine bark substrate amendment (clay or sand) and a 50% reduction in both P application rate (1.0 g or 0.5 g) and leaching fraction (LF = effluent O influent) (0.1 or 0.2) were investigated. Containerized Skogholm cotoneaster (Cotoneaster dammeri Schnied. 'Skogholm') was grown on gravel floor effluent collection plots that allowed for calculation of water and nutrient budgets. Pine bark amended with 11% (by vol.) Georgiana 0.25 to 0.85 mm calcined palygorksite-bentonite mineral aggregate (clay) increased available water 4% when compared with pine bark amended with 11% (by volume) coarse sand. Decreasing LF from 0.2 to 0.1 reduced cumulative container influent 25% and effluent volume 64%, whereas total plant dry weight was unaffected by LF. Reduction of target LF from 0.2 to 0.1 reduced dissolved reactive P concentration and content by 8% and 64%, respectively. In a sand-amended substrate, total plant dry weight decreased 16% when 1.0· P rate was reduced to 0.5· P, whereas total plant dry weight was unaffected by rate of P when pine bark was amended with clay. Plant content of all macronutrients, with the exception of N, increased when pine bark was amended with clay versus sand. Reducing P rate from 1.0· to 0.5· increased PUE 54% or 11% in a clay or sand-amended substrate, respectively. Amending pine bark with 11% (by volume) 0.25 to 0.85 mm calcined palygorksite-bentonite mineral aggregate produced an equivalent plant with half the P inputs and a 0.1 LF, which reduced water use 25% and P effluent losses 42% when compared with an industry representative substrate [8 pine bark : 1 sand (11% by volume)].
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Mineral nutrient management strategies in containerized crop production are based on the ''Sprengel-Liebig law of the minimum'' (Epstein and Bloom, 2005) as noted by LeaCox and Ristvey (2003) . Thus, excessive mineral nutrients are supplied to ensure plant growth is not restricted. The negative impacts (i.e., leaching and runoff) of this strategy are more pronounced in containerized crop production where nutrient uptake efficiencies are low because of the relatively inert substrates used as growing medium. This management strategy needs to be reconsidered as a result of economic and environmental concerns surrounding current production practices. Phosphorus losses are being investigated because P leaching or runoff can contribute to eutrophication, loss of aquatic biota, and hypoxia (Brady and Weil, 1999) . The U.S. Environmental Protection Agency (USEPA) has proposed water quality criteria for maximum total P concentration to be 0.025 mgÁL -1 or less within lakes or reservoirs (USEPA, 1986) . Substrate solution P concentrations of 5 to 10 mgÁL -1 are recommended currently by Best Management Practices (BMPs) (Yeager et al., 1997) . These rates exceed the USEPA water quality criteria by 200-to 400-fold. Under current BMP recommendations, P uptake efficiency (PUE) ranges from 34% to 45% (Lea-Cox and Ristvey, 2003; Warren et al., 1995) . Therefore, 55% or greater of applied P is not used by the plant in containerized production. Nursery management practices and infrastructure need to be adjusted to increase nutrient uptake efficiency and reduce nutrient loss. Warren and Bilderback (2005) reported irrigation management and nutrient uptake efficiency are directly interrelated. Unlike N, P leachate losses were unaffected by P application rate, but were affected by leaching fraction (LF) and P source. Tyler et al. (1996) decreased effluent P content by 58% when growing Skogholm cotoneaster (Cotoneaster dammeri Schnied. 'Skogholm') in a pine bark substrate with a low (0.0 to 0.2) versus high (0.4 to 0.6) LF.
Use of controlled-release fertilizers (CRFs) has increased mineral nutrient use efficiency by supplying nutrients corresponding with plant demand and minimizing pathways of losses (e.g., microbial transformation, soil fixation, and leaching), thus decreasing environmental impact (Shaviv and Mikkelsen, 1993) . Warren et al. (1995) reported resin-coated CRF P resulted in the highest PUE (43%) by maintaining a low, constant rate of P loss at %1 mgÁd -1 when Sunglow azalea [Rhododendron L. 'Sunglow' (Carla hybrid)] was grown in 3.8-L containers with a pine bark substrate. LeaCox and Ristvey (2003) suggested containerized P application be reduced 80%, thus making the optimal substrate solution P concentration 2 mgÁL -1 or less and increasing PUE to 75% when adequate N was applied. This decrease in substrate solution P concentration has been reported not to affect plant growth (Lea-Cox and Ristvey, 2003). Implementing these suggested P reductions still result in P concentrations that remain 40-to 80-fold greater than USEPA criteria for public surface waters.
Current BMP recommendations are based, in part, on research conducted by Yeager and Wright (1982) who reported a 23% (1 g) increase in top dry weight Helleri holly (Ilex crenata Thunb. 'Helleri') when substrate solution P was increased from 0 to 10 mgÁL -1 . They also reported that root dry weight of Helleri holly was unaffected by P concentration. In contrast, Groves et al. (1998b) reported that current BMP substrate solution P recommendations could not be maintained when irrigating 3.8-L containerized Skogholm cotoneaster with 800 mLÁd -1 ; however, top and root dry weight (Groves et al., 1998a) were maximized at 800 mLÁd -1 although observed substrate solution P concentrations values fell to as low as 1.8 and 0.1 mgÁL -1 P at 60 and 114 d after initiation of the experiment, respectively.
Another approach to reduce P losses and increase PUE is to modify the container substrate. Williams and Nelson (1997) investigated various clays (palygorskite and arcillite) and brick chips as precharged sources of P in peat:perlite substrates. The palygorskite clay absorbed 77% more P than the other materials. In a subsequent study, P leachate was reduced by amending the substrate with a precharged palygorskite (6% P leached) as compared with arcillite (18% P leached), brick chips (11% P leached), or a peat:perlite substrate (37% P leached) (Williams and Nelson, 2000) . In a similar study, Zhang et al. (2002) used alumina-buffered P as a P source, which decreased effluent P60% or greater when compared with resin-coated P applied across four tree and shrub species grown in 7.6-L containers with a peat substrate. Therefore, our objective was to determine the effect of substrate amendment in combination with a 50% reduction in P application rate and leaching fraction on mineral nutrient and water efficiency and plant response when producing a containerized nursery crop in a pine bark-based substrate.
Materials and Methods
Experimental design. The experiment was a 2 (substrate amendment) · 2 (LF) · 2 (P rate) factorial in a randomized complete block design with four replications with 10 plants per replication. The two substrates consisted of pine bark amended with a mineral aggregate or coarse, washed builder's sand at 11% (by volume). The mineral aggregate (clay) was a 0.25 to 0.85 mm calcined, low volatile material palygorksitebentonite from Ochlocknee, GA (Oil-Dri Corp. of America, Chicago) (Moll and Goss, 1997) . The two target LFs were 0.20 and 0.10 and two rates of P were 1.0· (recommended rate) and 0.5·. Effluent and substrate analysis. An aliquot of the daily collected effluent was analyzed colorimetrically using an ultraviolet-visible spectrophotometer (Spectronic 1001 Plus; Milton Roy Co., Rochester, NY) for dissolved reactive P (DRP) (Murphy and Riley, 1962) . At the conclusion of the study, available substrate total DRP was extracted from the substrate using a 1 substrate:1.5 extract (115 cm 3 substrate:175 mL deionized water) (Sonneveld et al., 1974) . The extractant was deionized water in which the substrate dilution was shaken for 1 h and filtered through a syringe-driven Millex-HPF HV nonsterile filter, 0.45 mm, PVDF, 25 mm (Millipore Corp., Billerica, MA). An aliquot of the filtered solution was analyzed on the spectrophotometer to quantify the DRP held in the substrate.
DRP remaining in the fertilizer prills at the end of the study was measured as follows. Prills were removed from mesh bags. Nutrients were extracted from fertilizer prills by blending them in 200 mL of deionized water. After blending, the liquid was transferred quantitatively to a 1-L volumetric flask and adjusted to volume with deionized water before taking an aliquot of the extractant supernatant. Fertilizer prill extract was filtered and DRP quantified using the spectrophotometer as described previously.
Plant response. At 114 DAI (21 Sept. 2004), tops from two randomly chosen containers per plot (total of eight plants per treatment) were harvested. Roots were placed over a screen and washed with a highpressure water stream to remove substrate. Tops and roots were dried at 60°C for 5 d and weighed. After drying, all leaves were removed from one top per replication and weighed. As a result of their size, tops (stems + leaves) were ground initially using a Model 4 bench, 1-horsepower Wiley Mill Ò (Thomas Scientific, Swedesboro, NJ) to pass a 6-mm sieve. The ground tops and unground roots were then ground separately through a Foss Tecator Cyclotec TM 1093 sample mill (Analytical Instruments, LLC, Golden Valley, MN) to pass a 0.5-mm sieve. Roots and tops were analyzed for N, P, K, Ca, magnesium (Mg), sulfur (S), boron (B), copper, iron (Fe), manganese (Mn), and zinc by the Agronomic Division of the North Carolina Department of Agriculture. A P nutrient budget was developed for each treatment (Eq. [5]).
P ðmgÞ = X P ðplant + effluent + substrate + fertilizer prillsÞ [5] which included P absorbed by plant, loss in effluent, remaining in the substrate, or remaining in the fertilizer prill. The nutrient budget was used to calculate P uptake efficiency (PUE, Eq.
[6]).
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Substrate physical properties. Ten cylindrical aluminum cores, five 347.5 cm 3 (7.6 cm height · 7.6 cm diameter) and five 100 cm 3 (2.5 cm height · 7.6 cm diameter), were placed in four fallow containers of each substrate. These containers were placed adjacent to the plants in the research study and received equivalent irrigation and rainfall as the corresponding treatments. After 9 weeks, the 347.5-cm 3 cores were extracted and total porosity (TP), container capacity (CC), available water capacity (AW), and air-filled porosity (AS) were determined using the NCSU Porometer TM as described by Fonteno and Bilderback (1993) . Unavailable water (UW), water held in the substrate at 1.5 MPa or higher, was determined with the 100-cm 3 cores through a procedure developed by Milks et al. (1989) . Bulk density (D b ) was determined using oven-dried (110°C) substrate in the 347.5-cm 3 cores. Data analysis. All data were subjected to analysis of variance procedures in SAS version 8.01 (SAS Inst., Cary, NC) with P # 0.10 to reduce the risk of a Type II error (Marini, 1999) . All three-way interactions were not significant and any significant twoway interactions are presented in tables and figures. PROC REG and PROC NLIN were used to investigate the linear and nonlinear segmented trends associated with water and nutrient data (P # 0.05). Join points or end points for segmented lines are denoted as X n . When significant, simple linear and polynomial curves were fit to data. The maximum of the polynomial was calculated as the zero point in a first-order derivative of the independent variable. PROC CORR was used to investigate correlations between water and nutrient data.
Results and Discussion
Substrate physical properties. Calcined clay amendment increased TP, CC, and AW 4%, 6%, and 4%, respectively, compared with sand amendment (Table 1) . Riviere et al. (1990) showed a similar 4% increase in TP when increasing clay content 6% from 4 clay : 1 peat to 6 clay : 1 peat. The increase in AW translated into 0.5 L more AW in a 14-L container compared with the sandamended substrate. This is most likely a function of the 6% increase in CC (Table  1) . AS and UW were unaffected by substrate amendment. In contrast, Carlile and Bedford (1988) reported AS increased when a peatbased substrate was amended with 20%, 35%, or 50% (by volume) calcined or fired clay illustrating the differences between pine bark and peat.
Substrate D b decreased 31% (0.11 gÁcm -3 ) when pine bark was amended with clay versus an equivalent volume of sand (Table  1) , which reduced container (14 L) weight at 100% CC by 750 g (data not presented).
Thus, clay-amended substrate did not increase container weight compared with sand.
Water use. Cumulative container influent volume decreased 26% (26 L) or 24% (21 L) when decreasing LF from 0.2 to 0.1 in a clay or sand-amended substrate, respectively (Table 2) . Tyler et al. (1996) reported a 25% to 40% (19 L) decrease in influent volume when growing Skogholm cotoneaster in a 3.8-L container irrigated to maintain a low (0.0 to 0.2) compared with a high (0.4 to 0.6) target LF for 100 d. LF, averaged over substrate, was 0.11 ± 0.008 SE and 0.24 ± 0.004 SE when attempting to maintain a 0.1 or 0.2 target LF, respectively, for the growing season (114 d).
Before 75 DAI, influent was unaffected by substrate or LF averaging 0.5 L per day (Fig. 1A) . Apparently, evapotranspiration was low enough that treatments had no impact. However, influent needed to maintain a 0.1 target LF increased 100% and 80% after 75 DAI to 1.0 or 0.9 LÁd -1 container -1 for the clay and sand-amended substrate, respectively (Fig. 1A) . Similarly, influent to maintain a 0.2 target LF at 75 DAI increased 180% or 140% in a clay-(1.4 LÁd Regardless of substrate, daily effluent averaged 0.06 LÁd -1 for the entire study when irrigated to maintain a 0.1 target LF (Fig. 1B) ) amended substrate compared with 0.2 LF (Fig. 1B) . After 114 DAI, cumulative effluent volume decreased 60% (12 L) in the sand-amended substrate and 68% (15 L) in the clay-amended substrate when decreasing target LF 50% from 0.2 to 0.1 (Fig. 1B) .
Plant response. Total plant dry weight was 16% less when grown with 0.5 g P in a sand-amended substrate compared with 1.0 g P, whereas when grown in the clay-amended substrate, total plant dry weight was unaffected by P application rate (Table 3) . This reduction in growth in the sand-amended substrate may have been the result of limited P availability in a pine bark-based substrate when less than optimal P rate is applied. Tyler et al. (1996) reported a 29% (28 g) decrease in total plant dry weight of Skogholm cotoneaster grown in 8 pine bark : 1 sand (by volume) when N, P, and K rate were decreased 50%. In addition, total dry weight of cotoneaster y Target LF and substrate interaction nonsignificant (P > 0.10).
x P (influent volume) for 114 d, pooled over P application rate of 0.5 g or 1.0 g (n = 4). w Leaching fraction = effluent volume O influent volume, averaged for the entire 114 d, pooled over P application rate of 0.5 g or 1.0 g (n = 4). v Significantly different target LF (n = 8) denoted by capital letters in column determined by analysis of variance (P # 0.05). u Significantly different substrate amendment (n = 8) denoted by lower-case letters in row determined by analysis of variance (P # 0.05).
grown in clay-amended pine bark was greater both at 0.5· or 1.0· P compared with plants grown in sand-amended pine bark.
Total dry weight of Skogholm cotoneaster (mean = 211 g ± 7 SE) was unaffected by target LF (data not presented). Thus, in a clay-amended substrate, plant growth was equivalent with a 50% reduction in P rate and LF. Interestingly, Skogholm cotoneaster grown in pine bark amended with clay required 298 mLÁg -1 ± 10 SE, whereas sandamended substrate required 341 mLÁg -1 ±12 SE. Pine bark amended with clay may have reduced water stress that resulted in this 15% increase in WUE P versus pine bark amended with sand. LF did not affect WUE P in this study (data not presented); however, WUE P has been shown to increase with decreasing LF (Ku and Hershey, 1992; Tyler et al., 1996) . Root : top ratio was unaffected by P rate in the sand substrate (Table 3) indicating carbon allocation between top and root was unaffected by P rate. In contrast, root : top ratio of cotoneaster grown in the clay substrate decreased from 0.21 to 0.16 when P rate was increased from 0.5· to 1.0·, suggesting carbon allocation favored top growth. This decrease in root : top ratio resulted from a 34% increase (11 g) in root dry weight (data not presented) when grown with 0.5 g P compared with 1.0 g P. This higher root mass at 0.5· P rate could have been a result of less available P and greater root exploration resulting from less than optimal edaphic conditions (e.g., water and nutrients) (Brouwer, 1962) . Plants grown with 1.0 g P in sand-amended pine bark had a significantly higher root:top ratio compared with clay. Thus, at 1.0 g P, plants grown in sandamended pine bark required more proportional root dry weight to top dry weight for water and nutrient uptake (Fritter and Hay, 2002) . This most likely resulted from either ''stress memory'' (Chaves et al., 2002) or limited nutrient availability (Brouwer, 1962) .
Plant nutrient allocation. Top and root total mineral nutrient content of macronutrients (P, K, Ca, Mg), with the exception of N, increased when pine bark was amended with clay versus sand-amended substrate (Table 4) . Phosphorus content increased in the root 225% (25 mg) and top 105% (139 mg) in clay versus sand-amended pine bark substrate, respectively. This increase in root and top P content could be a result of increased substrate anion exchange capacity (AEC) when amended with clay containing palygorskite. AEC may increase with palygorskite because it has 28% to 59% of the octahedral sites and 11% or less of the tetrahedral sites filled with aluminum (Al) (Singer, 1989 , and references therein) that are exposed as edge groups. Fe may also contribute to P sorption because the Georgiana palygorskite-bentonite mineral contributed %40 g Fe (Oil Dri, personal communication) to a container; however, it is unknown what portion of this Fe is exposed. Both Al-and Fe-oxide minerals could result in surfacebound phosphate ([M-OPO 3 H 2 ; Essington, 2004) . In addition, dissolution of Ca-phosphate minerals present in the mineral aggregate may contribute to available P. X-ray absorption near edge surface spectroscopy has shown that the main P species associated with this mineral aggregate is likely hydroxyapatite [Ca 4 H(PO) 4 Á2.5 H 2 O] (Owen, 2006) , which could be an available, labile source of P. The plant dry weight data, in combination with the differences in plant P mineral nutrient content, indicated limited substrate P availability may have reduced growth in sand-amended pine bark substrate.
K, Ca, Mg, and S content in the plant top increased 38% (569 mg), 48% (534 mg), 54% (203 mg), and 21% (23 mg), respectively, when the substrate was amended with clay versus sand (Table 4) . Root content of K, Ca, and Mg responded similarly. Micronutrient content (Fe, Mn, and B) of Skogholm cotoneaster tops also increased 50% (6 mg), 32% (8 mg), and 26% (1 mg), respectively, when grown in clay-amended substrate (Table 4) . Increased mineral nutrient uptake could have been a result of improved cation retention in the clay-versus sand-amended substrate. Laiche and Nash (1990) reported increased extractable sodium (Na) and Ca with incorporation of arcillite into a pine bark substrate. Warren and Bilderback (1992) also hypothesized that increased growth of Sunglow azalea with calcined clay (arcillite) amended pine bark was the result of increased K and Mg plant absorption. This increase in cation content could have also been a function of substrate nutrient buffering capacity. Palygorskite and montmorillonite have a cation exchange capacity of 30 cmol c Ákg -1 or less (Tan, 1998) and %115 cmol c Ákg -1 , respectively (Borchardt, 1998) .
Decreasing the target LF from 0.2 to 0.1 resulted in a 22% (37 mg) and 29% (11 mg) increase in K and S root content, respectively, whereas N, P, and B were unaffected (Table  5 ). In addition, root Ca (136 mg ± 11 SE), Mg (77 mg ± 6 SE), and micronutrient content were unaffected (data not presented). Even with increased leaching at 0.2 LF, we propose there was adequate N, P, and micronutrients for plant uptake. This increase in K and S plant content was most likely a function of increased nutrient availability resulting from decreased leaching. Both ions (K and S) are mobile in similar sandy soil systems where the cation (K + ) and anion (SO 4 2-) are subject to leaching because of their low to moderate affinity for exchange sites on clay minerals (Havlin et al., 1999) . . Irrigation was applied cyclically at 0200, 0400, and 0600 HR eastern daylight time with an additional 670 mm of rain throughout the experiment. Table 3 . Effect of P application rate and substrate amendment on total plant dry weight and root:top ratio of Skogholm cotoneaster grown for 114 d in pine bark amended (by vol.) with 11% sand (control) or 0.25 to 0.85 mm Georgiana bentonite-palygorksite mineral aggregate (clay). P rate and substrate amendment interaction were significant as determined by analysis of variance (P # 0.10). y Total dry weight = root mass (g) + top mass (g).
x Root:top = root mass (g) O top mass (g). w Pooled over target leaching fraction of 0.1 or 0.2 (n = 8).
When P application rate was decreased from 1.0· to 0.5·, top N, P, K, and B decreased 22% (487 mg), 11% (23 mg), 10% (191 mg), and 11% (0.5 mg), respectively (Table 5) . Top Ca (1371 mg ± 97 SE), Mg (478 mg ± 35 SE), and micronutrient content, with the exception of B, were not significantly affected by P application rate. A reduction in available P could have limited plant growth, thus lowering nutrient demand of Skogholm cotoneaster and subsequent uptake. On the contrary, the 16% reduction in plant growth associated with low P application could explain the reduction in nutrient uptake.
Effluent phosphorus. Over 114 d, effluent concentration of DRP (mean = 0.8 mgÁL -1 ± 0.02 SE) was unaffected by rate of P application (data not presented). Tyler et al. (1996) also reported decreasing fertilizer application rate as an ineffective means of decreasing effluent P concentration. In contrast, reducing target LF from 0.2 to 0.1 reduced mean DRP effluent concentration 8% (0.1 mgÁL -1 ) (data not presented). However, average daily DRP effluent concentration increased 58% in a clay-(1.0 mgÁL -1 ± 0.02 SE) versus sand-(0.6 mgÁL -1 ± 0.02 SE) amended substrate over the course of the study (Fig. 2) . In clayamended substrate, daily effluent DRP concentration remained notably constant at 1.0 mgÁL -1 after 60 DAI, whereas DRP concentration from sand-amended substrate decreased from 0.9 to 0.2 mgÁL -1 from 60 to 100 DAI. This decrease in effluent DRP concentration is probably the result of decreased P release from the CRF. This decreased P release from the CRF is also believed to occur in the clay-amended substrate; however, we speculate that apatite or Al-and Fe-sorbed P was released to maintain P concentration in the bulk solution of the clay-amended substrate.
Cumulative effluent DRP decreased 67% and 64% when irrigated to maintain a 0.1 LF versus 0.2 LF in a clay-and sand-amended substrate, respectively (Table 6 ). Effluent DRP content was strongly correlated with leachate volume (r = 0.73, P # 0.0001). These results are similar to the 58% decrease in effluent P reported by Tyler et al. (1996) when growing Skogholm cotoneaster in 3.8-L containers with a low (0.0 to 0.2) versus high (0.4 to 0.6) LF. Effluent from the clayamended substrate contained 75% (3 mg) to 90% (10 mg) more DRP than the sandamended substrate with a 0.1 or 0.2 target LF, respectively.
At 0.1 LF, the rate of effluent DRP loss remained relatively constant (0.04 mgÁd -1 ) regardless of substrate until 58 DAI (Fig. 2B) . Until 58 DAI with a 0.2 target LF, the rate of effluent DRP loss was 0.10 mgÁd -1 and 0.08 mgÁd -1 for sand-and clay-amended substrate, respectively. Thus, reducing the LF by 50% reduced effluent DRP greater than 50%. Tyler et al. (1996) reported similar results. Rain events associated with tropical storms and hurricanes resulted in an average 300% increase in rate of effluent lost between 58 and 64 DAI (22 to 29 July) in all treatments. In addition, data were lost from 65 to 71 DAI (29 July to 4 Aug.) as a result of these storms. Rates of effluent DRP loss at 71 DAI were equivalent to losses recorded at 54 DAI for all treatments. However, 71 or greater DAI, in a clay-amended substrate effluent, DRP loss was 50% to 180% greater when a 0.1 or 0.2 target LF, respectively, was maintained compared with the sand-amended substrate. This increase in effluent DRP content may have been the result of desorbed or dissolved P from the Fe or Al oxides or apatite resulting in a substrate-solution chemical equilibrium producing a higher substrate solution P concentration, which was reflected in the higher effluent P concentration (1 mgÁL -1
). Shariatmadari and Mermut (1999) examined P sorption in similar clays, palygorskite-and montmorillonite-calcite, where 8.8 and 9.2 cmolÁkg -1 was sorbed, respectively. Thus, P could have desorbed from sorption sites or dissolved from the inherent CaÁP minerals. Regardless of P effluent content or concentration, cumulative effluent DRP was significantly greater in clay-versus sand-amended substrate whether irrigated to maintain a 0.1 or 0.2 target LF (Table 6 ). In addition, a reduction in P application rate from 1.0· to 0.5· increased PUE 54% in a clay-amended substrate; however, the reduction in P application rate was less effective in a sandamended substrate where PUE increased 11% (Table 6) .
Phosphorus budgets. Of the 1 g of P applied, 32% to 59% was recovered, whereas 36% to 110% of the 0.5 g of P was recovered by the plant across LF and substrate treatment (Table 7) . Tyler et al. (1996) and Warren et al. (1995) also reported low P recovery percentages. Within each target LF, effluent DRP loss was unaffected by rate of P application. However, effluent DRP losses were reduced 69% and 61% when pine bark was amended with clay or sand, respectively. Skogholm cotoneaster P content increased 113% and 135% for tops and roots, respectively, when grown in clay-amended substrate compared with sand. Likewise, P remaining in the substrate increased 332% when amended with clay compared with sand. Phosphorus release from the fertilizer prills was unaffected by either leaching fraction or substrate. The fertilizer prills contained 9% (mean = 46 mg ± 4 SE) and 12% (mean = 120 mg ± 4 SE) of the original 0.5· or 1.0· of P applied to each container, respectively, when pooled over substrate and LF. Plants grown with the clay-amended substrate and the 0.5· P rate had the highest PUE, 82% and 107% at 0.1 and 0.2 LF, respectively, followed by the 1.0· P rate, 39% and 44% at 0.1 and 0.2 LF, respectively (Table 7) . These reported efficiencies are greater than 32% PUE reported by Lea-Cox and Ristvey (2003) when applying 0 g P to Karen azalea (Rhododendron L. 'Karen') or the 43% PUE reported by Warren et al. (1995) using resin-coated CRF P to grow Sunglow azalea.
In summary, clay-amended substrates increased both water and mineral nutrient buffering capacities of the substrate. Mineral nutrient content of P, K, Ca, Mg, S, and Mn in Skogholm cotoneaster increased in clayamended substrate with a 100% increase in total plant P content in clay-amended compared with sand-amended substrate. This resulted in a 20% to 60% increase in PUE despite increased cumulative effluent DRP content and concentration. Clay may act as a slow-release form of P that reduces environmental impact while supplying the plant a portion of needed P. [effluent P concentration (mgÁL -1 ) · effluent volume (L)] for the entire 114 d, pooled over P application rate of 0.5 g or 1.0 g (n = 4). y P uptake efficiency = [plant P (mg) O (P applied {mg} -P remaining in fertilizer prill {mg} -substrate P {mg})] · 100, pooled over target leaching fraction of 0.1 or 0.2 (n = 4). Each container had 1.0· (1000 mg) or 0.5· (500 mg) P surface incorporated at the initiation of the experiment and a target leaching fraction (LF) of 0.1 or 0.2. y PUE (P uptake efficiency) = [Plant P (mg) O (P applied {mg} -P remaining in fertilizer prill {mg} -substrate P {mg})] · 100.
x Recovered P = effluent (mg) + plant (mg) + substrate (mg) + fertilizer prill (mg). w Percent recovered P = [recovered P (mg) O applied P (mg)] · 100.
